Two-component regulatory systems are one of the most common signal transduction mechanisms governing bacterial responses and adaptation to environmental changes (10) . In addition, many such systems act as global regulators in coordinating the expression of virulence determinants. These signal transduction systems generally consist of a sensor histidine kinase and a response regulator protein (9) . Upon sensing specific signals, the histidine kinase autophosphorylates the conserved histidine residue of the kinase domain, and the phosphoryl group is subsequently transferred to the invariant aspartate residue of the cognate response regulator. Regulation is through modulation of the phosphorylation status of the response regulator protein, thereby controlling its affinity for DNA motifs present in the promoter region of target genes.
Neisseria meningitidis is an obligate pathogen which inhabits the human nasopharynx but can rapidly disseminate to cause sepsis and meningitis during invasive infection (28, 32) . In contrast to other gram-negative bacteria such as Escherichia coli, which encodes more than 30 two-component regulatory systems (20, 35) , the meningococcus contains only four predicted pairs (1, 29) , most likely due to the restricted human host environment encountered. The persistence of these few functional two-component regulatory systems implies an important role in regulating meningococcal colonization and virulence. Sequence comparison suggests that NMB0114/NMB0115 share amino acid sequence similarities to NtrY/NtrX (COG5000/ COG2204 domain families), which are involved in the regulation of nitrogen metabolism in Azorhizobium caulinodans (21) , while NMB1249/NMB1250 exhibit amino acid sequence similarities with NarQ/NarL, (34) and the equivalent genes in Neisseria gonorrhoeae have been characterized to regulate anaerobic growth (14) . NMB1606/NMB1607 share sequence similarities with PilS/ PilR that regulate piliation in Pseudomonas aeruginosa (8) . We have reported that inactivation of the NMB0595/NMB0594 twocomponent regulatory system, designated MisR/MisS (or PhoP/ PhoQ) (18) , resulted in the loss of phosphoethanolamine substitutions on the lipooligosaccharide (LOS) inner core heptose II residue with an increased sensitivity to cationic antimicrobial peptides such as polymyxin B (31) . Lipooligosaccharide, or endotoxin, is a major virulence factor of N. meningitidis, and structural changes in LOS are important in meningococcal pathogenesis.
Mutation of misR (NMB0595) encoding the response regulator protein in a serogroup C meningococcal strain resulted in a magnesium-dependent growth phenotype and sensitivity to antimicrobial peptides and other environmental stresses and is avirulent in a mouse model of infection (18) . The serogroup C NMB0595 meningococcal mutant had increased membrane permeability and was unable to form colonies on solid media with low magnesium concentrations (19) . Taken together with the observation that this mutant did not display magnesiumdependent changes in gene expression probed by microarray analysis (19) , these data led the authors to conclude that this system functions analogously to the magnesium-sensing phoP/ phoQ system in Salmonella (18) and is regulated by magnesium. However, no magnesium-dependent phenotypic differences have been observed in another NMB0595 mutant generated in a meningococcal serogroup B strain (31) , suggesting possible strain-dependent variation in magnesium-related phenotypes. Further, magnesium, which was shown to interact with the periplasmic domain of PhoQ in Salmonella (3) and result in significant changes in PhoP-regulated gene expression, has not been demonstrated to cause changes in the expression of genes proven to be controlled by the meningococcal NMB0595/0594 two-component system.
Although sequence analysis suggests that MisR/MisS proteins are members of the two-component regulatory system family, no biochemical evidence is currently available to demonstrate their function. In this report, we demonstrate that MisS fusion protein underwent autophosphorylation in the presence of ATP and participated in phosphotransfer to MisR. In addition, MisR was shown to bind directly to the promoter region of the misRS operon, demonstrating an autoinduction mechanism. Further, no magnesium-dependent regulation was detected in the expression of the misR/S operon, the first promoter established to be directly regulated by the meningococcal MisRS two-component system, indicating that Mg 2ϩ is not the inducing signal of the meningococcal MisRS two-component signal transduction system.
MATERIALS AND METHODS
Bacterial strains, medium, and reagents. Strains and plasmids used in this study are listed in Table 1 . Primer sequences are listed in Table S1 in the supplemental material. Meningococcal strain NMB (CDC 8201085) is a serogroup B N. meningitidis strain originally isolated from the cerebrospinal fluid of a patient with meningococcal meningitis in Pennsylvania in 1982. Meningococcal strains were grown with 5% CO 2 at 37°C unless specified otherwise. GC base agar (Difco), supplemented with 0.4% glucose and 0.68 mM Fe(NO 3 ) 3 , or GC broth with the same supplements and 0.043% NaHCO 3 was used. Brain heart infusion medium (37 g/liter brain heart infusion) with 1.25% fetal bovine serum was used when kanamycin selection was required. Antibiotic concentrations (g/ml) used for E. coli strains were as follows: ampicillin, 100; kanamycin, 50; Meningococci were transformed by the procedure of Janik et al. (12) . E. coli strains were transformed by electroporation with a GenePulser (Bio-Rad) according to the manufacturer's protocol.
Construction of MisR and MisS overexpression strains.
The coding sequence of misR was amplified with primers YT124-NcoI and YT125-XhoI. The PCR product was digested with NcoI and XhoI and then cloned into pET28a(ϩ), which had been digested with the same enzymes to yield pYT298. The plasmid was purified and transformed into E. coli expression strain BL21(DE3). The coding sequence of the soluble C-terminal domain from residues 202 to 469 of MisS was amplified by PCR using primers YT147-BamHI and YT148-HindIII. The PCR product was digested with BamHI and HindIII and then inserted in frame and downstream from the malE sequence in pMal-c2 that had been cut with the same enzymes to generate an N-terminal maltose-binding protein (MBP) fusion. The sequence of the resulting plasmid, pYT311, was verified by sequencing analysis with primer malE, and the plasmid was transformed into E. coli strain TB1 for expression.
Site-directed mutagenesis was performed to introduce single amino acid substitutions in the misR and misS coding sequence. To generate the MisR (D3A) mutation, the GAT3GCT codon change at amino acid residue 52 was incorporated into MisR by overlap PCR. Two internal fragments of MisR were amplified using the primer pairs T7p/YT165 and YT164/T7t. Equal amounts of the two purified PCR products were mixed and used as a template for the subsequent PCR amplification using T7p/T7t primers. The final PCR fragment was digested with NcoI and XhoI and then ligated with NcoI-and XhoI-digested pET-28a(ϩ). Kanamycin-resistant colonies were examined by colony PCR, and the resulting plasmid, pXZ015, was verified to contain the desired mutation and correctly fused to a C-terminal His tag by sequencing analysis using primers T7p and T7t.
To make the MisS (H3A) mutation, the CAT3GCT mutation at amino acid residue 246 was introduced into MisS by overlap PCR. Two internal fragments of misS were amplified using the primer pairs YT147-BamHI/YT167 and YT166/ YT148-HindIII. Equal amounts of these products were mixed together and used as the template for the subsequent PCR amplification with primers YT147-BamHI and YT148-HindIII. The resulting PCR fragment was digested with HindIII and BamHI and then ligated with pMal-c2 cut with the same enzymes. Ampicillin-resistant colonies were selected and analyzed by PCR. The resulting plasmid, named pXZ019, was verified to carry the desired mutation without additional PCR-introduced mutations by sequencing analysis.
Construction of mutants. The construction of the misR::erm mutant has been previously described (31) .
A 1,784-bp PCR product containing the entire misS coding sequence and flanking sequences was generated using primer pair YT140/YT67 and cloned into the pCR2.1 vector, yielding pTA140-67. An internal 825-bp fragment was released by EcoRV-HincII restriction and replaced by an aphA-3 cassette obtained from pUC18K with EcoRI-HincII digestion followed by Klenow treatment. Removal of the misS internal sequence and the presence of a correctly oriented aphA-3 cassette in the resulting pYT310 plasmid were confirmed by a panel of colony PCRs and sequencing analysis. This construct removed most of the periplasmic domain, the second transmembrane domain, and most of the cytoplasmic domain of MisS. To generate the meningococcal misS mutant, pYT310 was linearized with ScaI to disrupt the Amp r gene, and the digestion mixture was used to transform meningococcal strain NMB. Colonies were selected on brain heart infusion agar plates with kanamycin. Mutants were examined using colony PCR linking the aphA-3 cassette to a chromosome-specific primer and Southern blots to confirm correct allelic exchange at the chromosomal misRS locus.
Construction of reporter strains and ␤-galactosidase reporter assays. Various regions of the misR promoter were obtained by PCR amplification using chromosomal DNA of the wild-type strain as a template and cloned into pCR2.1 by TOPO cloning (Invitrogen). Site-specific mutations of the MisR binding motif were constructed by megaprimer PCR mutagenesis (2) using the following mutagenic primers containing the desired base changes: YT183R-SmaI, YT183R-SnaBI, YT183R-SspI-1, YT183R-SspI-2, YT183R-SspI-3, YT183R-XhoI, YT183R-PstI. Each mutagenic primer was used in PCR amplification with YT66-ERI to generate the megaprimers. The PCR products were purified and used subsequently with YT118-ERI in the second run of the PCR to obtain the final PCR product containing the desired mutations. A 10-bp deletion was prepared using primer pairs YT184-d10-F and YT184-d10-R. The plasmids or mutagenized PCR products were digested with EcoRI and then subcloned into the pYT328 vector, which contains a unique EcoRI site upstream of the lacZ gene that is flanked by an ϳ500-bp meningococcal sequence at either end. The ligation reaction products were transformed into E. coli strain DH5␣, and erythromycin-resistant colonies were selected. Correct orientation of promoters relative to the lacZ gene was confirmed by colony PCR using an outward primer at the 5Ј end of lacZ and a forward primer within the cloned promoter fragment. The resulting plasmids were linearized with NcoI digestion, the digestion mixtures were used directly to transform meningococcal strains, and erythromycin-resistant colonies were selected. The integration of the misR::lacZ fusion via homologous recombination into an irrelevant noncoding intergenic region was confirmed with colony PCR. ␤-Galactosidase assays were performed on mid-log-phase cultures in triplicate according to a previously published procedure (33). Peptone broth described by Johnson et al. (13) was used to grow the reporter strains when testing the effect of magnesium concentrations.
Protein purification and antiserum production. One liter of LB culture of the MisR overexpression strain was induced with 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) for 4 h. The harvested cells were resuspended in 30 ml of lysis buffer (50 mM sodium phosphate, pH 8.0; 300 mM NaCl; 10 mM imidazole; 1 mM phenylmethylsulfonyl fluoride) and sonicated for 30 s 10 times with 30-s cooling intervals. The cell debris was removed by centrifugation at 14,000ϫ g for 15 min. The crude extract was then incubated with 2 ml of Ni-nitrilotriacetic acid resin (QIAGEN) for 2 h before packing into a column. The column was washed with 10 ml (each) of 20 mM and 50 mM imidazole in lysis buffer and then eluted with 10 ml of 250 mM imidazole. The fractions were pooled after sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis, concentrated through a centricon-3 filter (Amicon), and dialyzed in storage buffer (50 mM HEPES, pH 7.5; 100 mM NaCl; 5 mM MgCl 2 ; 1 mM EDTA) with two buffer changes. The protein concentration was determined by Bradford assay (BioRad) with bovine serum albumin as a standard. Purified MisR protein was resolved by SDS-PAGE and visualized by brief Coomassie staining, and the gel slices containing MisR protein were used as an antigen for antiserum production in rabbits (Covance, Inc.).
For the purification of MBP-MisS fusion protein, a 1-liter culture of TB1/ pYT311 grown in LB media containing 0.2% glucose was induced with 1 mM IPTG for 3 h and then collected by centrifugation. The cell pellet was suspended in 30 ml of column buffer (20 mM Tris-HCl, pH 7.4, 200 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol [DTT], 1 mM phenylmethylsulfonyl fluoride) and lysed by sonication. After removing the cell debris by centrifugation at 9,000 ϫ g for 30 min, the lysate was incubated with amylose resin (New England Biolabs) for 1 h and then the mixture was packed into a column. The column was washed with 12 volumes of column buffer and then eluted with 15 ml of column buffer containing 10 mM maltose. Fractions were combined after SDS-PAGE analysis, concentrated through a Centriprep 30 filter (Amicon), and then dialyzed with two changes of 1 liter of storage buffer, and saved at Ϫ80°C.
In vitro phosphorylation assays. For autophosphorylation, MBP-MisS protein (2.5 or 5 M) was incubated with [␥-
32 P]ATP (3,000 Ci mmol Ϫ1 [Amersham, New Jersey], 1.8 Ci per reaction, diluted with cold ATP, and used at a final concentration of 400 M) in 5 l phosphorylation buffer (50 mM Tris, pH 8.0; 20 mM MgCl 2 ; 0.1 mM EDTA; 5% glycerol) at 37°C for 10 min. Ten microliters of MisR was added to a final concentration of 5 M, and the reaction mixtures were incubated at 37°C for an additional 30 min. The reactions were quenched by adding 5 l of 4ϫ loading buffer (320 mM Tris-HCl, pH 6.8; 8% SDS; 100 mM EDTA; 100 mM DTT; 40% glycerol). SDS-PAGE analysis (12% gel) was carried out at 4°C, and the gels were dried under a vacuum followed by PhosphorImager analysis (Molecular Dynamics). Alternatively, MisS and MisR proteins were mixed together, and the reactions were initiated with the addition of ATP. Results were similar to those described above.
Primer extension. Total RNA isolated with RNeasy midi kits (QIAGEN) was treated with DNase to remove contaminating genomic DNA. Primers misR-PE1 and misR-PE3 were designed and end-labeled using [␥-32 P]ATP and T4 polynucleotide kinase, and excess free label was removed with a G-50 filtration spin column. RNA (40 g) was suspended in 30 l of hybridization buffer with 1 l of labeled primer. Annealing of the primer with RNA was done by heating at 85°C for 10 min, slow cooling down to 30°C, and overnight incubation at 30°C. The mixture was precipitated and resuspended in 25 l of elongation buffer containing deoxynucleoside triphosphate and RNasin (Promega), and 40 units of avian myeloblastosis virus reverse transcriptase was added to initiate the reaction. After a 90-min incubation at 42°C, the reaction was quenched with EDTA, cleaned up with a phenol-chloroform extraction, and precipitated by ethanol. The final product pellets were resuspended in loading buffer and analyzed on an 8% acrylamide sequencing gel along with a sequencing ladder obtained with the same primer.
Electrophoretic mobility shift assay (EMSA). Promoter fragments of misR were obtained by PCR amplification and purified by gel electrophoresis and a QIAquick gel purification kit (QIAGEN), and the DNA concentration was quantified. Three picomoles of the promoter fragments was end-labeled for 30 VOL. 188, 2006 MENINGOCOCCAL misRS TWO-COMPONENT SYSTEM AUTOINDUCTION 5057
on August 15, 2017 by guest http://jb.asm.org/ min at 37°C with [␥-32 P]ATP (3,000 Ci/mmol) using T4 polynucleotide kinase (New England Biolabs). The labeled DNA was purified through nucleotide removal kits (QIAGEN), and the specific activity of the probe was determined by scintillation counting. The binding reactions, consisting of 5 fmol of labeled DNA and various amounts of protein in a binding buffer (20 mM HEPES, pH 7.9, 60 mM KCl, 5 mM MgCl 2 , 1 mM EDTA, 1 mM DTT, 0.3 mg/ml bovine serum albulin, 0.2 mg/ml salmon sperm DNA, and 10% glycerol), were carried out at 30°C for 20 min, and the reaction mixtures were directly loaded onto 6% nondenaturing polyacrylamide gels (0.5ϫ TBE, 40:1 cross-linking), which had been prerun for 30 min. The electrophoresis was carried out for another 2.5 h at a constant 250 V. The gels were dried under a vacuum without prior fixing, and the resulting radioactive electrophoretic patterns were analyzed with a PhosphorImager. The binding reactions were examined with phosphorylated (50 mM acetyl phosphate for 30 min at 37°C) or nonphosphorylated MisR. Competition with excess specific competitors (unlabeled probes) and nonspecific competitors (593-bp internal coding sequences of misR, obtained by PCR amplification using primers YT45 and YT46) was performed to assess the specificity of the interaction.
DNase I protection. Oligonucleotide primers corresponding to either the coding or the noncoding strand were end-labeled using T4 polynucleotide kinase and [␥-
32 P]ATP (3,000 Ci/mmol; Amersham) and purified with the QIAquick nucleotide removal kit (QIAGEN). PCR fragments corresponding to the promoter region were then amplified with the radiolabeled primer and the corresponding reverse primer, and the labeled DNA products were purified with a QIAquick PCR purification kit. Using the binding conditions defined in the EMSA studies, DNA-protein complex generated with labeled DNA and increasing amounts of purified MisR in the EMSA binding buffer without salmon sperm DNA was treated with diluted DNase for 1 min at room temperature before quenching with a phenol-chloroform extraction. Nucleic acids were recovered by ethanol precipitation, resuspended in sequencing loading solution, and analyzed on an 8 M urea-6% acrylamide sequencing gel along with a sequencing ladder obtained with the same labeled oligonucleotide. Both phosphorylated and nonphosphorylated MisR proteins were examined to determine whether the MisR protein exhibited a different binding specificity upon phosphorylation.
Immunoblots. Bacteria (1 ϫ 10 8 cells based on measurements of optical density at 550 nm) were collected from the wild-type strain and the misR and misS mutants, resuspended in loading buffer, and boiled for 4 min. Samples were resolved on a 12% SDS-PAGE and transferred to a polyvinylidene difluoride membrane (Bio-Rad). Anti-MisR polyclonal sera were used at a dilution of 1:1,000, and anti-rabbit alkaline phosphatase-conjugated secondary antibody was used at a 1:5,000 dilution. The blots were developed according to the standard protocol.
RESULTS

Autophosphorylation of MisS and phosphotransfer from
MisSϳP to MisR. To characterize the functions of MisR and MisS protein in vitro, both proteins were overexpressed and purified. To simplify purification of the MisS histidine kinase, which contains two transmembrane domains flanking a large periplasmic domain, the C-terminal soluble kinase domain downstream of the second transmembrane domain was fused at the N terminus with the maltose binding protein (MalE). Similarly, MisR was tagged at the C terminus with a (His) 6 polypeptide to facilitate purification. Both fusion proteins, MisR-(His) 6 and MBP-MisS 202 , were highly expressed in E. coli when induced and were purified to high degree (Ͼ95%) of homogeneity using the Ni-nitrilotriacetic acid and amylose affinity chromatography, respectively (see Fig. S1 in the supplemental material).
The MBP-MisS fusion protein was autophosphorylated in the presence of ATP (Fig. 1A) , and upon the addition of MisR protein, MisSϳP transferred its phosphoryl group to MisR, confirming that these two proteins are paired partners in the phosphotransfer process. The phosphorylated MisR (MisRϳP) appeared to be unstable, as a net loss of protein-bound radiolabeled phosphate (MisSϳP and MisRϳP) was observed (Fig. 1A) and MisRϳP did not accumulate to a high level with prolonged incubation (data not shown). This apparent instability of MisRϳP might be due to the autophosphatase activity of MisR or a phosphatase activity mediated by the MisS kinase fusion protein, as many histidine kinases also have phosphatase activities (10). Thus, maintaining the level of MisRϳP may be an important control point in signal propagation.
Based on sequence homology with other two-component proteins, the conserved His residue at position 246 in MisS and the conserved Asp residue at position 52 in MisR were predicted to be the sites of phosphorylation. The involvement of these two residues in the phosphorylation reactions was examined by analysis of site-specific Ala mutant proteins. His246 and Asp52 in MisS and MisR, respectively, were altered by site-directed mutagenesis to create MisS246HA and MisR52DA. These mutant proteins were overexpressed and purified in parallel with the wild-type proteins to ensure that no activity difference was caused by the protein purification process. The MisS246HA mutant protein was defective in autophosphorylation (Fig. 1B) , and similarly, mutation of Asp52 to Ala in MisR rendered the mutant protein unable to accept the phosphoryl group from MisSϳP (Fig. 1C) . The results suggested that these two conserved residues are the likely phosphorylation sites in the autophosphorylation and phosphotransfer reactions of the MisS/MisR twocomponent system.
Characterization of the promoter region of the misRS operon. To determine the transcriptional start site of the misRS operon, primer extension experiments were conducted using total RNA isolated from the wild-type strain NMB and a reverse primer complementary to the coding strand of the misR gene. A single major product was observed corresponding to the Ϫ67 guanine nucleotide (Fig. 2) , indicating a single promoter upstream of misR. The same start site was identified from a second complementary primer (data not shown). Examination of the sequence upstream of the transcriptional start site revealed appropriate promoter elements of a Ϫ10 (TAA GAT) and a Ϫ35 (TACGCT) sequence separated by 18-bp (see Fig. 7C ).
To delineate the required promoter length for transcriptional activation and further define the location of important motifs, a series of misR::lacZ transcriptional fusion constructs were made (Fig. 3) . These fusions were inserted at a permissive heterologous chromosomal site as a single copy, and the expression of ␤-galactosidase was determined in culture grown to mid-log phase. As shown in Fig. 3 , a misR promoter fragment that contains the nucleotide sequence between Ϫ504 and ϩ104 bp (strain YT0321) generated similar activity to that of a strain carrying the Ϫ103 to ϩ104 sequence (strain YT0330), indicating that the ϳ100-bp sequence upstream of the transcriptional start site was sufficient for the misR promoter activation. However, removing the additional 14-bp upstream sequence (comparing strains YT0330 and YT0332) significantly reduced the promoter activity to a level similar to that of a strain with only the Ϫ35 and Ϫ10 promoter elements (strain YT0329), indicating a critical DNA motif was present in this upstream region. Interestingly, an ϳ2-fold reduction of transcriptional activity was also observed when the downstream sequence within the untranslated region was deleted (comparing strains YT0323 and YT0326). The function of the Ϫ10 element was confirmed by the deletion of an internal 33-bp fragment (Ϫ8 to ϩ25) in strain YT0324 that completely eliminated the promoter activity. MisR autogenously activates misRS expression. Many twocomponent regulatory systems are under the control of autoregulatory mechanism (4, 24, 26) . To test whether MisR regulated its own expression, the direct involvement of MisR was examined using EMSA with a misR promoter fragment obtained by PCR amplification and end-labeled with 32 P by T4 kinase. Similar to many two-component response regulators (16) , the MisR protein can be phosphorylated with a smallmolecule phosphoryl donor, acetyl phosphate, thus enabling the functional characterization of phosphorylated MisR. The phosphorylated and unphosphorylated MisR migrated differently during native gel electrophoresis. Estimation of the remaining unphosphorylated MisR after incubation with 50 mM acetyl phosphate followed by native gel electrophoresis and Coomassie blue staining revealed that ϳ50% of the MisR protein was phosphorylated under these conditions (data not shown). This MisRϳP preparation was then used for the EMSAs. As shown in Fig. 4A , a dose-dependent shift of the misR probe was noted for both MisR and MisRϳP. A complete shift was observed with MisRϳP, while incomplete shifts were detected for unphosphorylated MisR at all protein con- 32 P-labeled misR probe was mixed with the indicated amounts of either specific or nonspecific DNA, incubated with MisRϳP (102 pmol), and analyzed as described above.
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To confirm that MisR binding to its promoter region was specific, unlabeled misR promoter DNA was used in a competition assay. As seen in Fig. 4B , an excess amount of specific misR promoter DNA eliminated the binding of MisR, while in the presence of an equal amount of a nonspecific DNA (an internal misR coding sequence), the specific binding activity of MisR to the misR promoter fragment was retained (Fig. 4B) . These results thus confirmed that the binding of MisR to the misR promoter was sequence specific.
As a relatively large promoter fragment (608 bp) was used for the initial EMSA characterization, a more precise location of the misR promoter region important for binding was addressed. To delineate the minimal sequence essential for MisR binding, various overlapping misR promoter fragments were generated (Fig. 5A ) and a series of electrophoretic mobility shift assays were performed utilizing these promoter fragments together with either nonphosphorylated MisR or phosphorylated MisR, and the results are shown in Fig. 5B . As expected, the original full-length misR promoter fragment (panel A) was shifted in the presence of MisR and MisRϳP. Truncation from the proximal region of the misR promoter to position Ϫ182 almost eliminated the binding of MisR protein, whereas removal of ϳ300 bp from the distal region retained the MisR protein-promoter DNA interaction. Thus, approximately 200 to 300 bp of the promoter fragments was sufficient to give positive shifts in the EMSAs. Consistently, the MisR-DNA interaction region defined by EMSA correlated with the required promoter length in the in vivo transcriptional fusion studies (Fig. 3) .
The MisS kinase is critical in autoregulation of the misRS operon. To examine the plausibility of an autoactivation mechanism, transcriptional misR::lacZ fusion constructs were made in the wild-type strain and the misS mutant. As shown in Fig.  6A , inactivating misS (strain YT322s) diminished the promoter activity to a level similar to that of a construct containing only the Ϫ35 and Ϫ10 promoter elements (strain YT329). These data indicated that phosphorylation of MisR by MisS was critical in the autoregulation of the misRS operon and that the MisRS system was the major activating mechanism of its expression. These data also suggested that there was minimal, if any, cross-phosphorylation of MisR by other two-component kinases present in meningococci or by the intracellular pool of acetyl phosphates. The importance of MisR and MisS in the transcription of its own operon was also confirmed by quantitative real-time PCR experiments using the SYBR green detection method. The misR probe was designed to locate upstream from the erm cassette insertion site, thus avoiding any transcriptional effect caused by the antibiotic cassette. The expression of misR decreased significantly in both the misR null mutant and the misS mutant (data not shown).
In correlation with the in vivo transcriptional reporter studies, the reduced MisR expression in the misS mutant was also demonstrated at the protein level. Western blots were performed on whole-cell lysates derived from the wild type, misR mutant, and misS mutant utilizing polyclonal antisera raised against the MisR-His 6 recombinant protein (Fig. 6B) . As expected, MisR was absent in the misR null mutant, and a reduced expression was seen in the misS sample compared to that of the wild-type lysate. Taken together, these data demonstrated that autoregulation of the misRS operon requires both MisS and MisR.
Identification of the MisR-binding sequence within the misR promoter region. To identify the precise location of MisR binding site(s), DNase I protection assays were performed on both strands of a 309-bp 32 P-end-labeled misR promoter probe (Ϫ205 to ϩ104 with respect to the misR transcriptional start site, probe E) (Fig. 5) . In addition, the effect of phosphorylation on DNA-binding activity of MisR was analyzed with a MisRϳP preparation generated by incubation with 150 mM acetyl phosphate. In the presence of increasing amounts of MisR, a 15-bp region (AAATGTAAAGCTCCA, Ϫ93 to Ϫ79) of the coding strand and the noncoding strand (Ϫ94 to Ϫ80) was protected from DNase I digestion (Fig. 7A and B) . Upon interaction with MisRϳP, a larger region (Ϫ93 to Ϫ66) and an additional 11-bp (Ϫ57 to Ϫ47) downstream sequence of the coding strand was protected (Fig. 7A) . Similar patterns of protection by MisRϳP were observed on the noncoding strand (Fig. 7B) . A region of DNase I hypersensitivity was also observed on the coding strand upon MisRϳP binding. These data suggested that a higher degree of MisR oligomerization likely occurred upon phosphorylation and that the interaction of the MisRϳP oligomers with its target DNA resulted in more extensive protection from DNase I digestion. In addition, the results also indicated that the 15-bp region protected by nonphosphorylated MisR was potentially a high-affinity binding site for MisR.
The protected region of the misR promoter in the DNase I footprinting experiments fell within the sequence deemed important in the EMSAs and the transcriptional reporter assays. However, no clear secondary structure of the MisR-binding motif, such as direct repeats or inverted repeats, was identified from these protected sequences (Fig. 7C) . Additionally, the defined MisR-binding sequence did not share any sequence similarity to binding motifs of other two-component regulatory systems.
When correlated with the in vivo transcriptional fusion studies, the importance of the sequence identified by DNase I footprinting was confirmed. While the misR promoter within strain YT0332 was only 14 bp shorter at the 5Ј end than that of strain YT0330, the transcriptional activation by MisR was completely eliminated (Fig. 3) . The omitted region in strain YT0332 overlapped (4 bp) with the 5Ј end of the 15-bp sequence identified above (Fig. 7C) and thus demonstrated the importance of this sequence in MisR-DNA interaction.
To characterize the importance of the MisR-binding sequences identified through DNase I protection assays, individual nucleotides were mutated by site-directed mutagenesis and introduced into the reporter strain YT0323, and the resulting promoter activities were compared to that of the wild-type reporter strain (see Fig. S2 in the supplemental material). All nucleotide changes introduced within the 15-bp high-affinity site resulted in an approximately 50% reduction in promoter activities. While nucleotide changes only had modest effects, deletion of four bases from the 5Ј end of the 15-bp motif (strain YT0332) eliminated the activation by MisRϳP. Removal of the proximal 10-bp sequence protected only by MisRϳP also caused ϳ50% reduction in promoter activity. As the mutation did not completely eliminate MisR-DNA interaction, this analysis suggested that the studied nucleotides are not essential in MisR binding and that there are likely multiple contacts between MisR protein and its target sequence.
Different magnesium concentrations did not affect expression of the misRS operon. The misR/S system has been proposed by Newcombe and coworkers to be the magnesiumsensing meningococcal phoP/Q system (13, 18, 19) . However, magnesium-mediated regulation of genes under the control of the MisR/S system was not clearly demonstrated. As we have shown, expression of the misRS operon is directly controlled by MisR/S through an autoinduction mechanism. Thus, if magnesium were an environmental signal detected by the histidine kinase, varying magnesium concentrations in the growth media would cause changes in misR transcription. Using the YT321 reporter strain, which contains the longest misR promoter sequence, and the YT329 strain, which carries the minimal misR promoter element, the effect of various magnesium concentrations in the peptone broth described by Newcombe et al. (18, 19) was examined. As shown in Fig. 8 , magnesium concentrations ranging from 20 mM to trace amounts (no exogenous addition of magnesium) has no effect on the expression of misR promoter fusions. These data demonstrated that magnesium is not the signal sensed by the MisR/S two-component regulatory system, thus MisR/S is not a functional homologue of the PhoP/Q system in Salmonella.
DISCUSSION
Neisseria meningitidis, an obligate human pathogen, remains a leading cause of meningitis and rapidly fatal sepsis, usually in otherwise healthy individuals. To successfully colonize and survive within the human host, N. meningitidis responds to signals emanating from the host environment, a task often carried out in bacteria by environmental sensing two-component regulatory systems. The meningococcus contains only four pairs of predicted two-component regulatory systems, which presumably sense the restricted human host environment encountered. It has previously been shown that the N. meningitidis MisR/MisS two-component system is involved in phosphorylation of the LOS inner core (31) and, when mutated, resulted in sensitivity to antimicrobial peptides (13, 31) and attenuation of virulence in a mouse model of infection (18) . However, the genes regulated by the MisR/S proteins have yet to be characterized. In this report, using purified proteins, we confirmed that MisR/MisS communicates via paired phosphoryl transfer reactions between the conserved His246 residue of the kinase and the invariable Asp52 residue of the response regulator. This is the first detailed biochemical characterization of a meningococcal two-component signal transduction system.
The regulation of the misRS operon, which encodes the transcriptional response regulator MisR and the histidine sensor kinase MisS, was investigated. We established that the meningococcal misRS is transcribed from a single promoter, which is positively autoregulated by both MisR and MisS through a direct interaction between the phosphorylated MisR response regulator and a 15-bp sequence motif upstream of the promoter. The footprint of MisR extended just upstream of the Ϫ35 region of the misR promoter, in keeping with its role as a transcriptional activator of the misRS operon. Thus, the misRS operon is the first promoter shown to be under the direct control of this two-component system, and an autoregulatory mechanism was demonstrated. Autoregulation is an important feature of many two-component regulatory systems and has been characterized in detail in several systems, such as phoPQ of Salmonella enterica serovar Typhimurium (26) , cpxRA of E. coli (4) and bvgAS of Bordetella pertussis (24) . Autoregulation allows positive feedback amplification of the signals leading to increased levels of both MisR and MisS and concomitant modulation of MisR-controlled gene expression in response to the detection of environmental changes.
Several two-component response regulators have also been shown to bind DNA in their nonphosphorylated states (6, 11, 15, 23) ; however, very few were reported to activate gene transcription without phosphorylation (6, 7) . In the presence of acetyl phosphate, MisR clearly showed increased affinity to the misR promoter region in both EMSA and footprinting experiments, although MisR phosphorylation is incomplete under the experimental conditions and MisRϳP appears to be labile. The in vivo transcriptional fusion data suggest that nonphosphorylated MisR may not play a critical role in the activation of its own expression, since no substantial activation occurred without MisS. The role of MisS in autoregulation was also revealed at the protein level, since a misS null mutant expressed a lower basal level of MisR protein, probably due to the absence of MisS to activate the system. Thus, our results are consistent with a model where the phosphorylated form of MisR is the major transcriptional activator of the misRS operon and unphosphorylated MisR is not likely to compete with MisRϳP for the MisR-binding site upstream of the misRS promoter in vivo. Phosphorylation of response regulators often leads to an oligomeric status that provided cooperative binding to their target DNA sequences, thus resulting in an enhanced affinity. Interestingly, slower-mobility bands of the misR probes in EMSA were observed at higher concentrations of MisRϳP (Fig. 4) . Similarly, increased shift positions were seen with higher concentrations of MisR, albeit to a lesser extent. This phenomenon may be caused by further oligomerization of MisRϳP on DNA or by aggregation of the protein-DNA complex, and the difference in shifts of MisRϳP and MisR may indicate different levels of oligomerization. As shown in the DNase I footprinting analysis, MisRϳP exhibits increased binding affinity and protects a larger region, consistent with the oligomerization of MisRϳP upon DNA binding.
The majority of PhoP-activated genes are transcriptionally regulated by the concentration of Mg 2ϩ in the growth medium. It has been shown (25) that the ratio of ␤-galactosidase activity for cells grown in low (M range) versus high (mM range) Mg 2ϩ concentrations ranges from 4 to 287. The laboratory of Newcombe and coworkers reported (13, 19) that neither the wild type nor the response regulator mutant of two different serogroup C meningococcal strains grew well at micromolar concentrations (Ͻ0.1 mM) (13) of magnesium; thus, comparison of magnesium regulation was performed either at 0.16 mM versus 10 mM (13) or 2 mM versus 20 mM (19) . Through microarray analyses, the authors observed a total of 281 genes that were deregulated in the NMB0595 (misR) mutant compared to the wild type when grown on blood agar, and a total of 106 genes were identified as genes significantly regulated by magnesium when comparing 20 mM versus 2 mM concentrations. Only ϳ12% of the genes presumably controlled by NMB0595 were regulated by magnesium (19) . NMB0595/ NMB0594 (misR/misS) encoding the two-component system were shown to be upregulated ϳ2.0 and 1.5-fold, respectively, at 2 mM magnesium (19) . However, the microarray observation has not been further confirmed by other assays of transcriptional activity, such as reporter fusion or real-time quantitative PCR. Comparing the upstream promoter and the coding nucleotide sequence of the serogroup B misR/S locus to that of the assembled genome sequence of a serogroup C strain FAM18 (www.sanger.ac.uk) revealed nearly 100% identity, suggesting that the misRS operon in the serogroup C strain is likely controlled by the same autoactivation mechanism. Without the knowledge of which genes among the 281 genes reported to be controlled by the MisRS (PhoPQ) system are under direct control, attempts to examine the upstream sequences and identify additional MisR binding motifs were of limited success. As the MisR binding motif is A/T rich, a better understanding of the important nucleotides that interact directly with MisR, using assays such as the uracil interference assay, would facilitate this bioinformatics approach to understanding the scope of regulation of the MisRS two-component system. In contrast, no magnesium-dependent growth differences were observed in the serogroup B meningococcal strain NMB used in our studies, and the reporter strains derived from NMB grew well in peptone broth without magnesium supplementation. In addition, we showed that the transcription of the misR/S operon is under the autoregulatory control of the MisR response regulator, yet magnesium did not cause a change in the expression of misR when examined by transcriptional lacZ fusion assays. If magnesium is indeed the inducing signal and the system is under positive feedback regulation, one would expect a significant upregulation of the misRS expression upon signal detection. In silico structural homology analysis of the NMB0595 (MisR) protein indicated that it belongs to the OmpR subfamily of response regulators, which includes E. coli PhoP, and this analysis was used (19) to support the conclusion that NMB0595/NMB0594 is a functional homologue of the Salmonella phoP/Q system. However, the members of the response regulator family are highly homologous due to the conserved phosphotransfer reaction mechanism. Only the identification of the inducing signal, the characterization of its regulon, or the functional complementation of its true ortholog in other bacterial systems will define the real signaling function of the two-component regulatory systems. Genes perturbed in the NMB0595 mutant, as described by Newcombe et al. (19) , overlap those identified as being regulated by several twocomponent systems in E. coli, including ArcAB, PhoPQ, CpxRA, and BasRS (35) . If magnesium were not the inducing signal, it would be misleading to name the NMB0595/NMB0594 system the PhoPQ system.
Many response regulators bind to DNA consensus sequences that were determined by compiling multiple binding sites (11, 23, 26, 30) . The consensus DNA binding sequences are often composed of direct repeats, inverted repeats, or multiple highly homologous sites spaced throughout the promoter region. For example, a consensus sequence, 5Ј-GTAA A(N 5 )GTAA-3Ј, has been defined for CpxR (22) , while a direct repeat consensus sequence (T/G)GTTTA-(N 5 )-(T/G)G TTTA was defined as the PhoP box (5). Thus far, only one DNA binding site defined in the misR promoter region is known. This site does not show homology with previously identified consensus DNA binding sequences of other two-component systems. Efforts are under way to identify additional MisR-regulated genes and characterize MisR binding sites. The misR promoter represents the first MisR-activated promoter of this two-component system. Understanding the regulatory circuitry of the MisR/MisS meningococcal two-component system provides a foundation for further characterization of regulatory networks in this human pathogen.
